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SUMMARY 

When performing cell sorting to isolate populations with high lipid content, and use them to start new cultures, 

the size of the cells has not been taken into account. This project had the objective of assessing the effect of 

the cells’ diameter in the final lipid productivity of Chlorococcum littorale, after the diameter was used as a 

sorting criterion in FACS (Fluorescence Activated Cell Sorting). 

Sorting gates were created to isolate cells in four groups with different diameters, named small (5-6 µm), 

medium (8-9 µm), large (11-14 µm) and control (5-14 µm). Two sets of experiments were done: before-sorting 

(BS) and after-sorting (AS). In both experiments the cells were grown under controlled conditions and then 

exposed to nitrogen starvation. The growth and photosynthetic activity were followed-up daily and the 

chlorophyll and lipid fluorescence and diameter were analysed daily with flow imaging. Simultaneously, a 

Single-Cell Experiment was carried out. It consisted of collecting 15 samples of each sorting gate, with just one 

cell. After recovery, the autofluorescence and diameter were analysed using flow imaging. 

The evolution of all parameters was similar in the four different cultures. The final lipid productivity of the four 

samples was not significantly different (P = 0.665 > 0.05). The results of the Single-Cell Experiment supported 

this fact, showing no significant difference (P = 0.628 > 0.05) in the average diameter of cells after the recovery 

period. So, the sorted cells’ diameter had no influence on the final lipid productivity of the new cultures. 

Key words: Microalgae, C. littorale, FACS, Lipid productivity, Diameter. 
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RESUMO 

FACS (Fluorescence Activated Cell Sorting) é uma técnica utilizada com microalgas para isolar células com 

elevado conteúdo lipídico e criar novas populações com a mesma característica. No entanto, o efeito do 

diâmetro das células como critério de separação nunca foi estudado. Assim, o objectivo do presente trabalho 

foi avaliar o efeito do diâmetro das células na produtividade lipídica final das culturas. 

Foram desenvolvidas duas experiências: antes e depois da separação, com as mesmas condições 

experimentais, que incluem um período de stress por limitação de azoto. Para a separação foram criados 

quatro gates, de maneira a isolar diferentes diâmetros: pequeno (5-6 µm), médio (8-9 µm), grande (11-14 µm) 

e um de controlo (5-14 µm). O crescimento, a actividade fotossintética, a fluorescência da clorofila e dos lípidos 

e ainda o diâmetro foram seguidos diariamente, os três últimos através de fluid imaging. Simultaneamente foi 

desenvolvida a experiência Single-Cell, onde 15 amostras unicelulares de cada gate foram isoladas e após um 

período de recuperação analisados quanto à sua autofluorescência e diâmetro. 

As amostras dos quatro gates tiveram evoluções semelhantes no que diz respeito aos parâmetros seguidos. As 

diferenças na produtividade lipídica final entre os quatro tipos de amostras não foram estatisticamente 

significativas (P = 0.665 > 0.05), bem como no que toca ao diâmetro médio das células nas amostras da 

experiência Single-Cell (P = 0.628 > 0.05). Portanto, o diâmetro das células isoladas não tem influência na 

produtividade lipídica final das culturas. 

Palavras-chave: Microalgas, C. littorale, FACS, Produtividade lipídica, Diâmetro.  
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INTRODUCTION 

Microalgae are eukaryotic and prokaryotic photosynthetic microorganisms, that include bacteria, diatoms, 

other protists and unicellular plants (Bahadar, et al., 2013). Due to its simple structure, these organisms are 

capable of growing at high rates and live in unfavourable conditions (Mata, et al., 2010). Microalgae exist as 

individual cells or aggregate in clumps, although they do not differenciate in multicellular organisms (Bahadar, 

et al., 2013). Through photosynthesis, they convert sunlight, water and CO2 to products such as neutral lipids, 

mainly in the form of triacylglicerol (TAG), that is feedstock for biodiesel production (Sakthivel, et al., 2011). 

Apart from biodiesel, other biofuel products – bio-hydrogen and bio-ethanol – can be obtained from microalgal 

cultivation. 

The average total lipid content of microalgae is between 1 and 70% of their dry weight (Mata, et al., 2010). 

Among the total lipids, there are a specific group, the neutral lipids or TAGs, that under nitrogen depletion can 

be produced to amounts of 20-50%. They are used by microalgae to store energy instead of having a structural 

function as other lipids (Hu, et al., 2008). 

Lately, due to the increasing consume of fossil fuels and the impact that their production has on the 

environment through major CO2 emissions, new and better ways to obtain energy are being investigated and 

biofuels appear as a very promising alternative. They can be obtained from animal fat, agricultural feedstocks - 

soybeans, canola oil, palm oil, corn oil and jathropa oil – or from microalgae, that have many advantages when 

compared with the former. For instance, microalgae have higher growth rates than traditional crops: their 

biomass doubling time is usually 1 day but can reach 3.5 h in the exponential phase (Christi, 2007). Microalgae 

don’t need arable land or even as much area to be grown, they can capture the CO2 in the athmosphere 

(reducing the greenhouse gases emissions), produce added value by-products and can be used to waste water 

remediation (Hu, et al., 2008). Additionally, today’s availability of biodiesel from plant oils that are not meant 

for human consumption is far lower than its potencial demand (Mata, et al., 2010). 

Microalgae can be cultivated in open ponds or in closed photobioreactors. The photobioreactors are more 

indicated for the production of high-value long-chain fatty acids such as docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA), due to the better environmental control (Sakthivel, et al., 2011). The open 

systems have lower productivity per unit area and volume and can be easily contaminated but represent a 

much lower investment than the photobioreactors (Bahadar, et al., 2013).  

Despite all the advantages, that could make biofuels from microalgae replace fossil fuels in a long term, the 

industrial scale production has not yet been achieved and biodiesel is still not economically viable and certainly 

not competitive with fossil fuels (Wijffels, et al., 2010). To make microalgae based fuels feasible, some major 

improvements need to be made in the production process. Those include the reduction of production costs and 

energy requirements, maximization of the lipid productivity (oil produced by the algae per liter per day, which 

is dependent on both growth rate and lipid content) and use as many biomass components as possible to 

create by-products that increase the value of the biomass (Wijffels, et al., 2010). In addition, the transition 
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from pilot to industrial scale remais a challenge as the microalgae cells and their products are exposed to harsh 

conditions which can decrease the production yield (Bahadar, et al., 2013). 

In the last years, many researchers have focused on improving microalgae lipid productivity through screening 

of wild-type species or even genetic engineering (Brennan, et al., 2012). One particular promising techique is 

sorting cells with a certain desired trait using FACS (Fluorescence Activated Cell Sorting) for future growth in 

new cultures that will share that characteristic of interest. The usual approach in this kind of research is, e.g., to 

sort the cells with the highest lipid content, that tend to be the bigger ones, and create new inoculum from 

those cells. Then, that inoculum is used to grow new cultures that will later have the same treatment as before 

and be sorted for highest lipid producers. This process is repeated for as many generations as desired. 

To create the sorting gate, a plot of lipids based fluorescence versus forward scatter is first displayed and then 

a chosen top percentage population relative only to the lipid content is isolated. Forward scatter is a parameter 

used as an indicator of the cells’ size but to this date there is no published data about the influence of size in 

the sorting process and in the further growth of the cells, namely in their productivity.  

Having in mind that the goal of this work is the evaluation of lipid productivity, there is no proof that the bigger 

cells are actually the ones with larger amounts of fat, since size per se can be misleading. The gate used so far 

to sort the cells may not be the one that leads to the best lipid productivity of microalgae. So, in this project, 

the approach followed will be different and the sorting criterion will not be the lipid content of the cells but 

their size. The goal is to isolate the size as an individual sorting parameter, without influence of any other 

characteristic, to confirm that cell size doesn´t influence the goals of targeting the fat-rich cells.  

 

Aim 

The aim of this project was to evaluate the effect of the cell diameter of sorted cells on the final lipid 

productivity. 

 

Approach 

The experimental approach began with culturing cells of Chlorococcum littorale out of a previously existing 

inoculum. After the growth phase, the cells were diluted and transferred to a nitrogen free medium (N
-
) in 

order to stimulate the accumulation of lipids. Both phases were held under 25°C of temperature and a light 

intensity of 120 µmol m
-2

 s
-1

. During this time, the evolution of the cells was followed with daily measurements 

of optical density and quantum yield and the observation of the cells in the FlowCAM, after staining with 

BODIPY 505/515, also in a daily basis. Apart from those, every 48 h the dry weight was measured. 
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After 15 days in the N- phase, when the cells size stabilized, the sort was carried out based on the diameter. 

Four different sub-populations of 100 cells were obtained: small (5 – 6 µm), medium (8 – 9 µm), large (11 – 14 

µm) and a control one that includes cells from all sizes (5 – 14 µm). Each one of them was collected in triplicate 

and all the samples went through a recovery period of 18 days so that the cells were able to multiply.  

Then, the cells were re-grown to create new inoculum and that inoculum was used to develop new cultures 

that followed the same approach as before, in the same conditions. The evolution of the cells was analysed in 

the same way. In the end of the growth and N
-
 phase, before and after sorting, the fatty acid content of the 

cultures was measured and the lipid volumetric productivity was calculated.  
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THEORETICAL BACKGROUND 

FACS (Fluorescence-Activated Cell Sorting) 

The fundamentals 

FACS is a high-throughput technique, invented in the late 1960’s, that combines flow cytometry with cell 

sorting (Dietrich, et al., 2010). Flow cytometry has a similar principle to fluorescence microscopy but it allows 

the analysis of biological particles at a single cell level as they pass through a laser beam. It is possible to 

measure quantitatively even rare events for two or more parameters, for instance size and fluorescence, due 

to its rapid screening of a large number of particles (Boeck, 2000). 

Besides being used to analyse several parameters and give information about the size, integrity or 

photosynthetic characteristics, FACS is also able to isolate and purify specific cells with minor loss of viability or 

structure. This sorting ability can serve two main purposes: creation of axenic cultures and isolation of 

overproducers (sub-populations of a heterogeneous culture with improved features) for future growth. As 

microalgae are able to adapt to different conditions by changing their metabolism, we can easily achieve 

maximization of a target compound (Hyka, et al., 2013). 

There are three main parts that compose a flow cytometer: the flow system, the light source and the data 

analysis system. The flow system makes the connection between the tube with the sample and the place where 

the particles will be intercepted by the light source, which is a laser (at the excitation wavelength desired). The 

data analysis system is a computer with the appropriate software to store and analyse the information 

provided by the cytometer (Boeck, 2000). 

The cells to analyse are suspended in “sheath fluid”, that prevents the lines from clogging and aligns the 

particles (Boeck, 2000). The particles are identified as they pass through the laser beam that splits the fluid into 

droplets so that the cells are carried in only some of them. At the moment of formation, the droplets carrying 

cells with the desired trait are charged and sorted from the remaining population when they go between 

charged plates (Herzenberg, et al., 2002). The pressure that drives the cell suspension into the illuminated zone 

can be adjusted so that just one cell at a time is intercepted by the laser beam (Boeck, 2000). 

 

Scattering/fluorescence and setting gates 

As the cells pass through the laser beam, they scatter the light in all directions (Boeck, 2000) but there are two 

ranges of scattering angles that are used to get information on the particles: forward (low-angle) scatter and 

side scatter (90°). The forward scatter (FSC) intensity is an approximate measure of cell size (volume), not being 

much influenced by other characteristics such as the shape or surface constitution (Boeck, 2000), and is also 

frequently used as a parameter to design gates that exclude cell debris and aggregates from the analysis 
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(Davey, et al., 1996). Side scatter (SSC) is proportional to the roughness and complexity of the surface of the 

particles, giving information about the internal structure of the cell (Boeck, 2000). Correlating the forward 

scatter with the cell size can be a bit complex. However, because usually unialgal cultures are analysed, that 

turns out to be a good estimation (Davey, et al., 1996). 

For each particle entering the light beam zone, the signal generated by the scattered light increases and 

reaches a maximum (peak) when the particle is at the centre, decreasing as it leaves the illuminated area 

(Boeck, 2000). That signal is detected and its magnitude, given by the height of the peak, is sorted electronically 

into channels that display histograms containing the number of events versus the channel number. Having the 

histogram by base, it is possible to isolate cells with the desired trait (Davey, et al., 1996). It is also possible to 

create two-parameter dot plots using just optical cell properties (instead of cell counts), which is useful when 

looking for a correlation between those properties. 

Besides the measurement of the scattered light, fluorescence can also be detected at many wavelengths, either 

as an intrinsic property of the cells, like microalgae chlorophyll fluorescence, or by staining the samples (Boeck, 

2000). To stain cell suspensions we need to add fluorophores that bind or react with specific molecules, for 

instance DNA, RNA, proteins or lipids (Davey, et al., 1996).  

When choosing an appropriate stain for the analysis and sorting, it is important to consider certain 

characteristics that lead to better results. The first is the extinction coefficient – the amount of light that can be 

absorbed at a certain wavelength – and it should be high at the wavelength used so that even small 

concentrations are detected. Another important factor is the quantum yield of the dye: probability that an 

absorbed photon originates the emission of a fluorescence photon. The fluorescence emitted is the product of 

the two latter factors mentioned. In addition, some attention should be paid to the photostability of the stain 

and the elapsed time between excitation and emission of fluorescence (Davey, et al., 1996). Some examples of 

lipid bodies stains are Nile Red and BODIPY 505/515. 

Usually, the desired cells are contaminated with unwanted particles, such as cell debris, clumps of cells (very 

common in the species studied in this project) and subpopulations of cells that are not of interest. To leave 

those out of the analysis is important to set gates or combinations of gates that isolate the specific cells for 

further study and those can be based in any property measurable by the detecting system of FACS – scattering 

or fluorescence (Boeck, 2000).  

 

Advantages and drawbacks 

As a high-throughput technique, FACS has the advantage of allowing multiparameter data acquisition, 

measuring simultaneously different cell properties that contribute to the characterization and classification of 

single cells in a mixture (Reckermann, 2000). FACS is characterized by a high speed analysis of a great number 
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of events, high accuracy and when compared to other flow cytometric techniques has the additional ability to 

perform cell sorting (Davey, et al., 1996). 

FACS has some disadvantages such as the high price of flow cytometric equipments, that increases when the 

sorting ability is added, and the need for skilled operators in the analysis (Davey, et al., 1996). The distribution 

of signals detected in a complex population can be a problem due to overlapping of fluorescence profiles that 

originates anomalous fluorescence. The fluorescence overlapping leads to a high number of false positives in 

the sorting (Dietrich, et al., 2010). There is also the limiting factor related to the need of manual post-sort 

maintenance of the cultures created (Mutanda, et al., 2011). Finally, another limitation is that analyses are 

limited to liquid samples (Wang, et al., 2010).  

 

Sorting microalgae since the 1980’s 

Although cell sorting with FACS is used since the late 1960’s (Herzenberg, et al., 2002), it was not until 1986 

that it was applied to microalgae with the aim of isolating high lipid cells out of a population for future growth 

(Solomon, et al., 1986). One advantage of working with microalgae is that there is no need of any staining 

treatment, that could be prejudicial for the cells, because of their autofluorescence (due to the presence of 

chlorophylls). Besides, the autofluorescence enables the distinction between different algae species or the 

exclusion of particles that are not microalgae (Hyka, et al., 2013). 

Currently, flow cytometry processes are widely used with microalgae, either to perform ecological and 

toxicological studies, analyse the physiological state of the cells or even develop and optimize microalgae 

production strategies. One common strategy to enhance a target compound productivity (usually lipids) is to 

isolate the overproducers with FACS and then grow the sorted cells in new cultures. The strains can be 

stimulated to improve their lipid content by cultivating them under stress conditions or they can be altered by 

exposing them to a mutagen agent, such as EMS (ethyl methane sulphonate) (Hyka, et al., 2013). 

In the report presented by Solomon et al. to the U. S. Department of Energy in 1986, the highest lipid fraction 

of stressed Isochrysis sp. cells was isolated using FACS, then grown in nitrogen sufficient medium and after that 

exposed to nitrogen deprivation. In the end, the daughter cells were analysed and showed an overall increased 

lipid content when compared to the parent cells, with no peak in the histogram, a high variance of values and a 

nearly uniform distribution. Additionally, two different experiments were performed with the same basic 

approach but different sorted regions: in the first one, the cells had either low lipid content and relatively high 

chlorophyll content or vice versa; in the second one, the cells chosen had either a high or low content in both 

of them. When analysing the results, it seemed to have a global reduction in chlorophyll:lipid ratio when the 

lipid content increased. This meant that as lipids accumulate inside the cells, the chlorophyll content remains 

the same or decreases maybe due to some mechanism that converts membrane lipids of the chloroplasts into 

storage lipids. The appearance of two distinct populations in some of the cultures implies that the 
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accumulation of lipids is either done rapidly (due to some “lipid trigger”) or not done at all. Finally, they 

concluded that this “lipid trigger” worked at the cell level (Solomon, et al., 1986). 

More recently, in 2011, Doan and Obbard enhanced the lipid production of Nannochloropsis sp. by performing 

three consecutive rounds of cell sorting, using Nile Red to stain the cells. For each one, the gate of sorted cells 

was positioned on the cells with the top 1% fluorescence of neutral lipids (yellow-gold fluorescence). With this 

approach the authors doubled the lipid content to 55% and maintained it for approximately 100 generations of 

cells (Doan, et al., 2011). One year later, the same researchers used the same species, adding EMS prior to the 

sorting in order to induce random mutagenesis. The population with the highest content of neutral lipids, that 

showed an increase from 12% of the wild type to 19.6%, was then separated for another two rounds of sorting 

using FACS. Monocultures of mutants were obtained and further screening was performed until thirteen 

mutants were finally obtained as the most promising ones in lipid production; the best producer among them 

was able to reach 50.8% of dry weight in lipids, compared to 34.0% of the wild type, after the same 18 days of 

culture (Doan, et al., 2012). The same mutagenic approach was used with Chlamydomona reinhardtii by Xie et 

al. to isolate hyperaccumulating mutants and the outcome was an increase between 23% and 58% in fatty acid 

content when compared to the parent strains (Xie, et al., 2014). 

Still in 2011, a similar approach was tested by Montero et al. with wild Tetraselmis suecsica, by which the 

authors were able to isolate the cells referred to as “fat marathon runners”, meaning with high and stable lipid 

content. In this study, the gate was positioned in order to sort the top 8% to 25% lipid producers and in the end 

of the three rounds the lipids fluorescence signal was four times higher, increasing from 0.5 to 2.3. The trait 

was maintained after more than 30 cell divisions (Montero, et al., 2011). 

Lately, FACS has also been used to monitor the lipid accumulation of microalgae in different growth phases that 

helps understanding which is the most favourable phase to perform cell sorting, when the highest lipid content 

will be obtained. Velmuguran et al. worked with Chlamydomonas reinhardtii, concluding that the fluorescence 

increases from the exponential to the stationary phase, meaning that the same happens to the neutral lipids 

content. In the same paper, the authors also stated that a new stain, BODIPY 505/515 was more favourable 

than Nile Red to perform cell sorting (Velmurugan, et al., 2013). 

 

BODIPY 505/515 

The difluoro-boradiaza-s-indacenes fluorophores, commonly known as BODIPY (for boron dipyrromethene), 

were first synthesized by Treibs and Kreuzer in 1968 and started to be widely used due to their spectroscopic 

characteristics (Yang, et al., 2011) (Niu, et al., 2009). These characteristics are: high extinction coefficients, 

sharp emission bands and high quantum yields (Niu, et al., 2009). BODIPY stains are chemically and photo 

stable which makes them suitable for several applications (Duan, et al., 2011). Excitation and emission maxima 

of BODIPY’s spectrum depend solely on the composition of each dye rather than environmental conditions 

(Cirulis, et al., 2012). 
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However, as reported by Yang et al. and Duan et al., BODIPY dyes are very sensitive during acid and basic 

treatments and their fluorescence intensity and quantum yield are influenced by the solvent polarity (Yang, et 

al., 2011) (Duan, et al., 2011). In addition, they tend to form aggregates and have low solubility in polar 

solvents (Niu, et al., 2009). 

Among the several non-polar BODIPY dyes available, BODIPY 505/515 (4,4-difluoro-1,3,5,7-tetramethyl-4-bora-

3a,4adiaza-s-indacene, [Figure 1]) is used to perform vital staining of lipid bodies from microalgae. BODIPY 

505/515 is a highly lipophilic fluorophore that stains lipids, such as fatty acids, phospholipids, cholesterol, 

cholesteryl esters and ceramides (Elle, et al., 2010). Once in a culture of live algae, BODIPY 505/515 is 

characterized for staining lipid bodies in just a few minutes, the exact time varying between 2 and 7 minutes 

(Govender, et al., 2012) (Xu, et al., 2013) (Wu, et al., 2013), and by having a high oil water partition, that 

facilitates the cell and organelles membranes crossing. Also, its emission spectrum is separated from the algal 

chloroplast autofluorescence, which means that when excited with the same blue wavelength light, BODIPY 

505/515 will appear with its characteristic green fluorescence while the chloroplast will exhibit red 

autofluorescence. This spectral separation is important when using FACS because it can be an effective sorting 

parameter and the cells usually remain viable, with no photodamage, for growth of new generations of high 

lipid content algae (Cooper, et al., 2010). 

 

Figure 1 - BODIPY 505/515 molecule. 

 

Before BODIPY 505/515 being discovered, for the last 20 years Nile Red dye was the most common one to 

measure the neutral lipid content in algal cells (Cooper, et al., 2010). However, recent studies comparing the 

two stains have showed BODIPY 505/515´s advantages. First, Nile Red permeation in the cells is variable with 

the algal species, being more difficult in the ones with thick cell walls. This different permeation rate of the dye 

makes necessary some caution when correlating the fluorescence of Nile Red with the neutral lipid content of 

the algal cells and in order to overcome this limitation only the maximum emission should be recorded, after 

30 to 40 minutes (Cooper, et al., 2010). Although Cooper et al. and Govender et al. reported that BODIPY 

505/515 effectively stains even algae with thick cell walls, it was stated by Brennan et al. that without any pre-

treatment (with DMSO), two populations of cells can be observed – partially and fully stained – which is not 

favourable when biofuel directed applications are aimed (Brennan, et al., 2012). Another advantages of BODIPY 
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505/515 when compared to Nile Red are the more narrow emission spectrum, a useful characteristic in 

confocal imaging, and the ability to specifically stain lipid bodies, not localizing in any other cellular structures, 

which allows the fast identification and isolation of cells with high lipid content within a culture (Brennan, et al., 

2012). Despite this, Siegler et al. reported that the BODIPY 505/515 fluorescence is not quite proportional to 

the lipid content of the cells although it actually binds preferentially to neutral lipids (Siegler, et al., 2012). Still, 

BODIPY 505/515 remains the preferred dye, being able to vitally stain microalgae while the cells stained with 

Nile Red have sometimes failed to recover after using FACS (Velmurugan, et al., 2013). Additionally, Nile Red 

quickly photo-bleaches when exposed to light, its emission spectrum is similar to chlorophyll’s (Govender, et 

al., 2012) and its fluorescence intensity can suffer changes when binding to certain proteins (Cooper, et al., 

2010). Finally, Nile Red has a limited photostability while BODIPY 505/515 gives continuous emission for several 

minutes and even after 24 h no significant fading is observed (Govender, et al., 2012). 

In order for the results to be reproducible, it is important to know the culture conditions that optimize the use 

of BODIPY 505/515 in lipid staining, so that a protocol can be developed. Cirulis et al. investigated two crucial 

parameters in any staining procedure: cells concentration and dye concentration. The cells concentration was 

found to have no effect in the fluorescence of BODIPY 505/515 despite Brennan et al. have stated that to stain 

cells of N. oculata – a thick cell wall alga – a concentration threshold below 1 × 10-6 cells is necessary (Brennan, 

et al., 2012). The concentration of dye, as one could predict, strongly affects the intensity of the fluorescence 

emitted: at low values (less than 1 µg/mL), the lipids are not already saturated since the mean fluorescence 

increases with the stain concentration; at too high concentrations of dye, precipitation events take place, 

decreasing the number of cell events measured. The problem is that the maximum BODIPY 505/515 

fluorescence is recorded at concentrations close to the ones that cause precipitation of the dye (Cirulis, et al., 

2012). 

Regarding the optimal BODIPY 505/515 concentration, the results are rather different, depending on the 

conditions under which the staining is performed. According to some authors, it is also dependent on the 

species used, more specifically on the thickness of the cell wall (Brennan, et al., 2012). The first protocol was 

proposed by Cooper et al., who used a range of concentrations between 0,25 µg/mL and 2.48 µg/mL to stain 

different microalgae species (Cooper, et al., 2010). This values were later followed by several authors (Pereira, 

et al., 2011) (Mou, et al., 2012) and reported to be efficient in staining the lipid bodies. Recently, many 

researchers tried to find just one optimum concentration of BODIPY 505/515, the majority being approximately 

in Cooper’s interval such as 0.28 µg/mL (Xu, et al., 2013), 1.12 µg/mL (Brennan, et al., 2012) and 2.5 µg/mL 

(Cirulis, et al., 2012). However, Govender et al. reported a much lower value: 0.067 µg/mL (Govender, et al., 

2012). In all these studies, BODIPY 505/515 was dissolved in DMSO (anhydrous dimethyl sulfoxide), a solvent 

used to facilitate the permeation of the dye into the cells that enhanced the fluorescence of BODIPY 505/515, 

making it more consistent and the staining process more efficient (Brennan, et al., 2012). Nevertheless, some 

caution needs to be taken when using DMSO because high concentrations of this solvent can compromise the 

cells viability, due to its toxicity, if any further studies are aimed (Siegler, et al., 2012). 
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In a recent study developed in our laboratory by Mathijs van der Zwart, it was concluded that there was no 

significant difference in post-sorting cell viability between the cells with DMSO (0.1% v/v) and the control ones. 

Also, the viability of all the tested cells is slightly lower in the first day after sorting, probably due to the 

mechanic stress characteristic of the process, but from the second day on increases and stabilizes between 96% 

and 99% (van der Zwart, 2013).  

 

Lipid accumulation by nitrogen limitation 

The lipid content can be altered in quality and quantity during cultivation of microalgae due to changes in 

temperature and nitrogen concentration or depending on the growth phase (Mou, et al., 2012). The growth 

phase affects the lipid accumulation rate and the nutrient conditions influence lipid productivity and lipid 

content per algal biomass (Xin, et al., 2010). In the present project, the method used was to transfer the cells 

(already on stationary phase) to a nitrogen depleted medium (N-) so that the lipid production would be 

stimulated. Nitrogen is the nutrient that affects the most microalgae lipid metabolism (Mou, et al., 2012). 

In presence of nitrogen, normal growth of microalgae takes place, where the rate of photosynthetic carbon 

fixation is higher than the rate of nitrogen assimilation. In the early stages of nitrogen depletion, before the 

photosynthesis capacity is affected, the excess from carbon fixation is channelled into the formation of energy 

storage compounds – lipids and carbohydrates – and cells stop growing (Turpin, 1991). When nitrogen 

deficiency is experienced by the cells, the metabolism shifts the uptake of carbon towards TAG accumulation, 

thus increasing the lipid content (Wong, et al., 2013). If afterwards the nitrogen source is resupplied, the 

energy and carbon accumulated in those compounds is used until the cells are able to perform the 

photosynthesis again (Turpin, 1991).  

According to Li et al. low concentrations of nitrogen are exhausted in early phases, at low cell density, which 

facilitates light permeation in the culture. The great amount of energy received by each cell would result in an 

increased metabolic flux from photosynthesis that can be used in lipid production. When the medium runs out 

of nitrogen, the authors hypothesized that the cells start to use nitrogen pools such as chlorophyll, to have 

material to continue the cell division. This would explain the decrease in chlorophyll content stated in that 

paper (Li, et al., 2008). 

Several studies have been done regarding nitrogen limitation to explain the mechanisms regulating the 

microalgae response or to maximize the lipid content - the approach followed in the present work.  

Xu et al. reported that with increasing concentration of NaNO3 in the medium, the maximum concentration of 

Tetraselmis subcordiformis cells nearly doubled while the volume of intracellular neutral lipids slightly 

decreased. Also, the authors concluded that although the maximum volume of lipids per cell was achieved in 

nitrogen deprivation conditions, the highest lipid content per liter of culture was obtained with a concentration 

of NaNO3 in the medium of 120 mg/L, due to the favorable cell density (Xu, et al., 2013). Xin et al. reached the 
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same conclusion when working with Scenedesmus sp., stating that under nitrogen limitation, the lipid 

productivity per unit volume of culture did not suffer any improvement. Actually, the maximum lipid 

productivity was obtained at the highest nitrogen concentration tested – 25 mg/L – when the biomass 

concentration was also superior (Xin, et al., 2010). Similar results were obtained by Dean et al. that observed 

an increase in lipid content both in C. reinhardtii and S. subspicatus when a low nitrogen treatment was applied 

although the cell count was higher with nitrogen replete medium (Dean, et al., 2010). In a slightly different 

result, Converti et al. were able to approximately duplicate and triplicate the lipid content in N. oculata and C. 

vulgaris, respectively, with a 75% decrease in the nitrogen concentration while maintaining the cell growth 

nearly constant, which allowed an improvement in lipid productivity (Converti, et al., 2009), not shared by the 

studies mentioned before. 

The growth phase is also an important factor affecting lipid accumulation by microalgae. Wong et al. studied 

the lipid storage in Phaeodactylum tricornutum and Tetraselmis suecica, concluding that for both species the 

maximum lipid accumulation takes place in the stationary phase, although at slightly different times – early and 

late stationary phase, respectively. In addition, the authors stated that the amount of lipids is higher under 

nitrogen depletion only during the first days of culture (Wong, et al., 2013). In another research performed 

with Chlamydomonas sp., the number and volume of lipid droplets quickly increased and reached the 

maximum also during the late-stationary phase (Mou, et al., 2012). 

Concerning the source of nitrogen used, Li et al. tested Neochloris oleoabundans for different types and 

concentrations of nitrogen compounds, using ammonium bicarbonate, urea and sodium nitrate. The results 

showed that the best source is sodium nitrate as it allowed the highest lipid accumulation (38%) and 

productivity (0.133 g L-1 day-1). It was also the most favorable type of compound in the cell growth (Li, et al., 

2008). 

Changing the focus of the study from the nutrients to the actual consumers, the microalgae, Adams et al. 

applied the nitrogen limitation approach in six different oleaginous green algae in order to better understand 

the mechanisms used in deficiency conditions. Despite the great existing diversity between the species, the 

authors were able to divide them in three groups, according to their response in high and low nitrogen stress. 

In the first group of microalgae, the increase in lipid content surpasses the decrease in growth, causing higher 

lipid productivity and lipid content under high stress; in the second group of organisms, the opposite situation 

takes place and only the lipid content is favored under high stress while the lipid productivity is enhanced when 

low stress is applied; finally, the third group comprises the species that have the two events counterbalanced 

and so the lipid productivity is similar in both conditions, although the lipid content is still higher under high 

nitrogen deprivation. Another conclusion of this study was that the highest lipid productivity seems to be 

achieved when the lipid accumulation and the cell growth are concomitant events (Adams, et al., 2013). 

To conclude, in what comes to nitrogen starvation as the lipid trigger, there seems to be a contradiction 

between high lipid content and high lipid productivity (Xin, et al., 2010), that results from the coupling of high 

lipid yield with high biomass productivity. Usually, under limitation conditions, the accumulation of lipids is 
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observed in terms of single cells, but not in terms of the total content in a liter of media (Mou, et al., 2012). 

Finding strains that are able to achieve satisfying levels of both parameters is the main challenge in algal biofuel 

research nowadays. One solution already studied with success is a cultivation process with two phases: one 

with nutrient supply to produce high amounts of algal biomass followed by another under nutrient limitation 

conditions to promote lipid synthesis. This outdoor facility was the first to achieve high levels of both lipid 

content and productivity (Rodolfi, et al., 2009). 

 

Chlorococcum littorale 

Chlorococcum littorale is a unicellular marine green alga, first isolated in 1990 by Chihara et al. in the northern 

coast of Japan (Chihara, et al., 1994), being characterized not only by its high tolerance to CO2 (Ota, et al., 2009) 

(Kurano, et al., 2005) but also by its high lipid productivity (Benvenuti, et al., in press), an important parameter 

when aiming biofuels production. 

 

Appearance and reproduction 

The cells of C. littorale have a spherical or ellipsoidal shape, varying their diameter depending on the growth 

phase: in exponential phase, it is in the range of 5.0 to 8.0 µm but during the stationary phase the cells can 

grow until 11.0 µm (Chihara, et al., 1994). When under stress, their diameter can increase further, reaching 

approximately 14 µm. Another important change during growth happens in the cells wall, which gets thicker 

with age. Besides being uninucleate, they also have only one chloroplast per cell (Chihara, et al., 1994). At 

longer residence times and reduced growth rates, the negative charges of the surface of algae decrease and 

the cells tend to aggregate in clumps [Figure 2]. This process can be accelerated by organic polymers released 

by the algae. The factors that induce aggregation of microalgae are still not well characterized although it 

seems to be related to nutrient limitation or high photosynthetic activity at limited CO2 supply (Becker, 1994). 
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Figure 2 - Electronic microscopy image of an aggregate of Chlorococcum littorale cells clumped together (stationary phase). 

 

Reproduction can take place in two different ways: asexually and sexually. Asexual reproduction can be 

performed through either aplanospores (non-sexual spores with no motility) or zoospores (asexual spores that 

use a flagellum for locomotion), formed by successive bipartition of the protoplast in the mother cell, 

producing usually no more than 16 spores [Figure 3].  At the end of this process, the spores are released from 

the sporangium through a rupture in the cell wall. Sexual reproduction results upon the union of isogametes, 

that cannot be distinguished from zoospores (Chihara, et al., 1994). 

 

 

Figure 3 - Bright field microscopy images of the mother cell before reproduction (A) and bipartition phases with two (B), 
four (C) and eight spores (D). 
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The zoospores [Figure 4] are characterized by an elongated, pear shape, reaching at most 6.5 µm of length. 

They are enclosed in several wall layers and are capable of moving due to a pair of flagella, equal in length, that 

emerge from one of the ends of the cell. When they lose their motility, they do not become spherical (Chihara, 

et al., 1994).  

 

 

Figure 4 - Bright field microscopy image of a zoospore with the two equal flagella. 

 

The vegetative cells [Figure 5] contain a nucleus in the anterior part of the cell and a chloroplast surrounded by 

an envelope with two layers. Like the zoospores, vegetative cells are covered by several wall layers but unlike 

them, they go through a thickening process with age (Chihara, et al., 1994). 

 

 

Figure 5 - Section of a vegetative cell of Chlorococcum littorale. The structures are visible: the chloroplast (C), the pyrenoid 
matrix (P) and the starch sheath (S) that surrounds it (Chihara, et al., 1994). 
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Growth characteristics 

The same article that first described C. littorale, also contained the results of the exposition of the cells to 

different conditions during growth to assess their response to different values of four important parameters: 

salinity, temperature, pH and CO2.  

Concerning salinity – concentration of NaCl – the algae have their optimal growth at 1.5%, but with increasing 

concentrations the growth rate is affected. In the absence of NaCl, the cells are unable to grow. In regard to 

temperature, the ideal range of values for C. littorale cells is from 15°C to 28°C and the growth rate is greatly 

affected in both lower and higher temperatures. Actually, above 30°C the microalgae die after some days. The 

response to pH shifts is different since the alga is able to grow in alkali conditions, above a pH of 4, but the 

growth rate decreases below 3. The maximum growth rate occurs at a pH of 3.5 (Chihara, et al., 1994). 

The resistance of the cells to high concentrations of CO2 is one of C. littorale’s most studied characteristics 

currently but the research of Chihara et al. presented in 1994 already concluded that the algae were able to 

grow in concentrations up to 60% and above 70% the growth was not possible (Chihara, et al., 1994). Ota et al. 

reached the same conclusion, calculating the value that would make the growth rate null: 65% of CO2 (Ota, et 

al., 2009). However, the same fact was studied by Hu et al. that reported a significant decrease in the biomass 

output when exposed to concentrations of this gas of 30% and 40% compared to the output obtained with 

lower concentrations (5% and 20%) (Hu, et al., 1998). Kurano et al. stated that when the cells were exposed to 

pressures of CO2 above 0.02 there was inhibition of growth although the cells could survive to concentrations 

as high as pCO2 0.6 if this parameter was progressively increased (Kurano, et al., 2005).  

Besides the four parameters discussed by Chihara et al., others have been found to be relevant in affecting C. 

littorale algae growth. By using a flat-plate photobioreactor to produce a semi-continuous ultrahigh-cell-density 

culture, Hu et al. were able to evaluate the effect of light intensity, concluding that even at the highest value 

tested – 2000 µmol m2 s-1 – the cells continued to grow. The authors also stated that the optimal cell density 

depends on the light intensity, increasing with it (Hu, et al., 1998).  

Another parameter affecting growth is the concentration of oxygen in the medium, which was found to have a 

minor negative effect in the growth rate during the exponential phase. This can be explained by the fact that 

the reaction rate with oxygen surpasses the one with CO2, making slower the CO2 fixation by the cells at higher 

concentrations of that gas (Ota, et al., 2011). 

 

Lipid production 

Due to its high CO2 fixation rate and the potential to produce large amounts of biomass, C. littorale has gained 

much interest lately, being a possibility in future processes of large-scale production of biomass (Hu, et al., 

1998). Also, the cells have the ability to produce high quantities of lipids, an important characteristic in the 
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biofuels industry, but an improvement of such production is still needed and studied because microalgae based 

fuels are not still economically viable. 

When evaluating the effect of inorganic carbon and nitrate on fatty acid production by C. littorale, Ota et al. 

stated that the in nitrogen replete medium, the fatty acid content was maintained with increasing 

concentrations of CO2 from 5% to 50%. After nitrate depletion, the content rapidly rose with a decrease in CO2 

concentration, reaching at maximum 34 wt.%, and the process was found to be controlled by the HCO3/CO2 

ratio. So, an increase in that ratio marks the beginning of fatty acid synthesis, which can explain why that 

synthesis is promoted by low CO2 concentrations. Also, the authors concluded that nitrogen limitation is 

probably what causes the cells to enter in the decay phase (Ota, et al., 2009). 

The same investigation was made with O2. They came to the conclusion that the fatty acid content of C. 

littorale cells is also strongly dependent on the concentration of oxygen, decreasing from 34 wt.% with no 

oxygen to 20 wt.% at air-like O2 levels. In addition, the accumulation of TAGs (neutral lipids used in biofuels 

production), was enhanced after nitrogen depletion. Finally, the authors concluded that the nitrogen uptake by 

the cells is independent from oxygen dissolved concentrations (Ota, et al., 2011).  
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MATERIALS AND METHODS 

Experimental set-up 

In the set-up presented below [Figure 6], both Experiments BS (before sorting) and AS (after sorting) followed 

the approach described before. The cells, from a previous inoculum, first went through a growth phase and 

when they reached the stationary phase, the cultures were diluted and transferred to a nitrogen depleted 

medium, where the cells stayed until the maximum size was achieved (approximately 15 days). During culture 

time, daily measurements of optical density and quantum yield were carried out. Also on a daily basis, the cells 

were analysed using fluid imaging, in the FlowCAM, for chlorophylls fluorescence (autofluorescence), lipids 

fluorescence and diameter, after being stained with BODIPY 505/515. Every 48h, the dry weight was measured 

and in the end of each phase (growth and nitrogen depletion) a biomass sample was taken for fatty acids and 

TAGs analysis. The culture conditions were 25°C of temperature and 120 µmol m-2 s-1 of light intensity. 

In the end of the N- phase, the cell sorting based on the diameter was performed. Three sorting gates were 

created, that isolated cells in different ranges of values: 5 – 6 µm for the small cells, 8 – 9 µm for the medium 

cells and 11 – 14 µm for the large cells. A fourth gate containing the other three (5 – 14 µm) was used as 

control. 

 

 

Figure 6 - Experimental set-up followed during the project. FACS stands for Fluorescence Activated Cell Sorting, BS stands 
for before sorting, AS stands for after sorting, N- stands for nitrogen depletion, TAG stands for triacylglycerol, C is control (5 

- 14 µm), S is small (5 - 6 µm), M is medium (8 - 9 µm) and L is large (11 - 14 µm). 
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The single cell experiment consisted of collecting 15 single-cell samples of each one of the sizes tested – small, 

medium, large and control – as a confirmation of the result obtained from the other experiments. The falcon 

tubes with these cells only went through the recovery phase, after which they were centrifuged at 1224xg for 

10 minutes to remove contaminants, such as bacteria, and analysed using the FlowCAM. The histograms 

obtained will be further presented. 

 

Cultivation 

Chlorococcum litoralle (NBRC 102761) was grown in batch cultures, in a salt water-like medium with the 

following composition: NaCl 24.55 g/L, MgSO4∙7H2O 6.60 g/L, MgCl2∙6H2O 5.60 g/L, CaCl2∙2H2O 1.50 g/L, NaNO3 

1.70 g/L, HEPES 11.92 g/L, NaHCO3 0.84 g/L, EDTA-Fe(III) 4.28 g/L, K2HPO4 0.13 g/L, KH2PO4 0.04 g/L. It also 

contained the following trace elements: Na2EDTA∙2H2O 0.19 g/L, ZnSO4∙7H2O 0.022 g/L, CoCl∙6H2O 0.01 g/L, 

MnCl2∙2H2O 0.148 g/L, Na2MoO4∙2H2O 0.06 g/L, CuSO4∙5H2O 0.01 g/L. The pH was set to 7. The complete 

medium composition is described in Appendix A. 

The cultures were homogeneous, from a previously existing inoculum. The inoculation was carried out in such a 

way that at t0 the OD750 was 0.5. The algae were cultivated in 250 mL borosilicate Erlenmeyer flasks (100 mL 

per flask) in an Infors Multitron Pro orbital shaker incubator, at 25 °C, 120 rpm, 80% humidity,  a CO2 supply of 

2.0% over air flow in the headspace and 120 μmol m-2 s-1 continuous lighting. 

 

Stress experiments 

When the algae reached stationary phase of growth, they were diluted to an OD750 of 1.5, for the light to have 

better permeation in the culture, and transferred to a nitrogen depleted medium, where they stayed until no 

changes in size were observed (approximately 15 days). 

 

Optical density and quantum yield 

Optical densities were measured on a daily basis using a spectrophotometer (HACH, DR5000) on three different 

wavelengths: 530, 680 and 750 nm. Samples were diluted within the range of the detection limit (0.1 – 1 units 

of OD). OD750 was used as an indicator for total cell concentration; OD680 was used to give an indication of the 

cultures vitality; and OD530 was used as a measure of the culture’s non specific turbidity. 

The quantum yield of the cells – ratio of the number of photons emitted to the number of photons absorbed – 

was also measured daily with a fluorometer (AquaPen-C AP-C 100, Photon System Instruments, Czech 

Republic), after exposing the samples, placed in 4 mL cuvettes, to darkness for 10 minutes at room 

temperature. The quantum yield was used to infer the photochemical efficiency of the cells. [Equation 1] gives 
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the maximum quantum yield, where F0 is the minimal level of fluorescence (after dark-acclimation) and Fm is 

the maximum fluorescence after exposing the cells to a pulse of actinic light (Benvenuti, et al., in press). 

 

           
     

  

 Equation 1 

 

FlowCAM  

The samples were first diluted 100 to 1000 times and then stained to achieve a final concentration of 0.4 µg/mL 

of BODIPY 505/515 and 0.35% of ethanol. After a waiting time of 5 minutes for the probe to adequately stain 

the lipids, the samples were run in the FlowCAM (Fluid Imaging Tehnologies, Yarmouth, Maine) using the 

following settings: 20x optical magnification and Trigger mode on with Channels 1 and 2. The trigger mode 

activates the FlowCAM to take a camera image when a particle produces a signal (laser light scatter or 

fluorescence) that meets or exceeds a defined threshold. The diameter, autofluorescence (Ch1) and BODIPY 

505/515 fluorescence (Ch2) of 500 particles of each sample were analysed. 

The diameter measured by FlowCAM is given in ESD (Equivalent Spherical Diameter) and it is the mean value of 

36 Feret measurements. A Feret measurement is the perpendicular distance between parallel tangents 

touching opposite sides of the particle and it is determined for randomly oriented particles, thus giving an 

average value over all possible orientations. 

 

Dry weight 

The dry weight was used to calculate the final productivities of biomass and lipids. The glass fiber filters 

(Whatman, Ø 55 mm, pore size 0.7 μm) were previously washed with miliQ water and completely dried in an 

oven (Binder, Germany) at 100°C. After that, their weight was measured in a scale (Ohaus, Discovery, 

Germany). A sample of 1mL from each culture was diluted with miliQ water and filtered using vacuum. The 

filters with the samples were then dried in the oven for 24h and kept in a desiccator cabinet for 1 hour. The 

weight was measured again and the dry weight was calculated as the difference between the final and initial 

values.  

 

Cell sorting using FACS 

In the end of the nitrogen depleted phase of Experiment BS, a sample was collected and diluted to an OD750 of 

approximately 0.3, where the algae concentration would be around 200 cells/min. A first run was carried out in 

the flow cytometer (FACScalibur, BD Biosciences, San Jose, California) so that a histogram with the distribution 
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of the cells’ sizes of the population, based on forward scatter (FSC), was obtained and the sorting gates could 

be created. In this way, three gates were used, each one isolating a different range of diameter values: small 

(S), medium (M) and large (L). An extra gate containing the other three was used as a control (C). 

The cells were analysed under an argon ion laser with excitation at 488 nm and emission at 670LP 

(autofluorescence, FL3 channel) and the sensitivity was set to 300 mV. An illustration of the optical path can be 

seen in Appendix B. The readings were all logarithmic. The sorted cells were collected in sterile 50 mL falcon 

tubes and the sheath fluid used was sterilized PBS (phosphate saline buffer – 1.0x). The PBS had the following 

composition: NaCl 137 mM, KCl 2.7 mM, Na2HPO4 10.0 mM, KH2PO4 1.8 mM. After the sorting, they were 

centrifuged at 1224xg during 5 minutes and re-suspended in culture medium under sterile conditions, staying 

with constant light of 16 μm m
-2

 s
-1

 for 18 days of recovery time. 

 

Fatty acid and TAG content analysis 

The biomass samples were collected after each growth phase and nitrogen depleted phase in both Experiments 

BS and AS. The biomass was first centrifuged at 3134xg during 10 minutes and washed with MiliQ water, to 

remove the salts in the media. Previous observations showed that, due to the thickness of the cell wall, C. 

littorale cells don´t die from osmotic chock. This process was repeated two times. Then, the biomass was 

frozen at -20°C and finally freeze-dried for 24 h. 

Fatty acid and triacylglicerides (TAGs) extraction and quantification were performed as described by Lamers et 

al. and Santos et al. (Lamers, et al., 2010) (Santos, et al., 2012) 

 

Data analysis 

Data from FlowCAM and flow cytometer were exported to Microsoft Excel files in order to be edited and 

analysed. For statistical analysis, the one-way analysis of variance (ANOVA) was used to assess the significance 

of differences between the sorted groups (using SigmaPlot, v. 12.5). A p-value lower than 0.05 (P < 0.05) was 

considered significant.  

 

Calculations 

The measurement of the biomass dry weight, on a 48h basis, was used to calculate the growth rate of C. 

littorale, as seen in [Equation 2]. 

  
            

     
 

         
         Equation 2 
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The DW stands for the dry weight of biomass, from the first (t0) and the last time point (tfinal) considered. 

The volumetric biomass productivity (PX) is given by [Equation 3]: 

 

   
        

     

         
               Equation 3 

 

The final lipid volumetric productivity (PL) can therefore be obtained through [Equation 4], where PX is the 

biomass volumetric productivity calculated above and FA content is the amount of fatty acids analysed with the 

gas chromatography. 

 

                                Equation 4 
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RESULTS AND DISCUSSION 

Experiment BS (before sorting) 

Growth 

Experiment BS was composed by two phases: a growth phase, in a nitrogen replete medium, and a nutrient 

limitation phase, where the cells were transferred to a nitrogen deplete medium. 

The first part of the Experiment BS consisted on the growth of two cultures (duplicate) out of a previously 

existing inoculum. [Figure 7] represents the growth phase of C. littorale, in green. It contains the linear phase 

and the beginning of the stationary phase, characterized by a stabilization of the OD. Then, the cells were 

diluted and transferred to a medium without nitrogen, after what the nitrogen limitation phase (N-) took place 

[Figure 7] (in red).  

Usually, during growth, the cells first go through an adaptation period of time – lag phase – but this phase is 

not observed in [Figure 7]. Concerning the N- phase, there was an increase of 1 unit in the OD followed by 

stabilization since this was a stress phase and the increase in the biomass is due to accumulation of storage 

lipids and not growth. This fact is supported by the increase in the diameter seen in the FlowCAM while the 

autofluorescence decreased and the BODIPY 505/515 fluorescence increased [Figure 8]. 

 

 

Figure 7 - Evolution of the OD750, representative of the biomass, and the quantum yield (blue) with time. The two main 
phases are separated: growth (green) and nitrogen depletion (red). The values presented are the average of a duplicate of 

cultures, with respective standard deviations. 

 

0 

0,1 

0,2 

0,3 

0,4 

0,5 

0,6 

0,7 

0,8 

0,9 

0 

1 

2 

3 

4 

5 

6 

7 

8 

0 5 10 15 20 25 

Q
u

an
tu

m
 y

ie
ld

 

O
D

 7
5

0
 n

m
 

Time (days) 

Growth phase 

N- phase 

Quantum yield 



 
 

28 
 

The quantum yield decreased during both phases although it was much more noticeable when the cells were 

transferred to the nitrogen deplete medium. At this point the quantum yield fell to half of its value [Figure 7]. 

This happens because of the nutrient limitation that negatively influences the photochemical capacity of the 

algae by inactivation of the photosystems (Jiang, et al., 2012) (Berges, et al., 1996).  

 

FlowCAM 

The cells were also analysed daily using the FlowCAM, to obtain the evolution of autofluorescence, BODIPY 

505/515 fluorescence and diameter.  

 

 

Figure 8 - Evolution of the autofluorescence (Channel 1 Peak, diamonds), BODIPY 505/515 fluorescence (Channel 2 Peak, 
triangles) and diameter with time during both the growth (green) and nitrogen limitation phase (red). AF means 

autofluorescence; BP represents BODIPY 505/515. 
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The chlorophyll content slightly decreased but stayed at high levels during growth, while the lipid content 

increased from almost zero at the start of the experiment to 2100 units of fluorescence at the end of the 

growth phase. Note that the BODIPY 505/515 fluorescence starts to increase before the end of the growth 

phase, indicating the exhaustion of the nitrogen in the medium. This was confirmed by the decrease of the 

quantum yield before the growth phase was over [Figure 7]. Also in the growth phase, the cells’ diameter 

decreased in the first day of the experiment due to cell division, stimulated by the fresh medium and better 

light penetration of the new cultures. After day 1, the diameter rose again, stabilizing between 7 µm and 8 µm 

in the end [Figure 8]. In the nitrogen limitation phase, the autofluorescence decreased slightly to 2760 units of 

fluorescence, which can be attributed to the change in the metabolism that starts to be focused mainly on lipid 

production. Hence, the continuous increase in lipid content, given by the BODIPY 505/515 fluorescence. The 

diameter, during this phase, increased steadily, stabilizing above 8 µm [Figure 8].  

In [Figure 9], in green, is represented the evolution of the histograms with the frequency distribution of the 

cells’ diameter during the growth phase (Experiment BS, growth phase). From the 10 time points (t) of that 

phase, four were chosen – t1, t4, t7 and t10 – that clearly illustrate the progress of the distribution. After one day 

of culture (t1), the mean was around 6 µm and the curve had a narrow shape. As the cultures develop, the 

mean increased to 8 µm by day 4 (t4) due to the growth of the new cells. Then, the distribution expanded, and 

by day 7 (t7) two different populations could be observed, centred in 6 µm and 10 µm, which can explain the 

decrease of the average diameter after day 6 observed in [Figure 8]. The two populations consisted on the big 

cells that are still developing and the daughter cells obtained after division. Finally, in the end of the growth 

phase the mean was again 8 µm (t10). At this moment the nitrogen in the medium had already been exhausted 

and the cells were not capable of dividing and growing any further. 
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Figure 9 - Evolution of the frequency distribution of the cells' size during the growth phase. The histograms are from 
different time points (t): t1, t4, t7 and t10. 

 

The N
-
 phase histograms (Experiment BS, N

-
 phase) are illustrated in [Figure 10], where again four time points 

describe the evolution of the cells’ size – t11, t15, t22 and t25. Like in the growth phase, the mean value moves 

from 7 µm until between 8 and 9 µm, due to lipid accumulation.  

 

 

  

Figure 10 - Evolution of the distribution of the cells' size during the N- phase. The histograms are from t11, t15, t22 and t25. 
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Fatty acid and TAG content 

The gas chromatographic analysis of the lipid content of Chlorococcum littorale provides the profile of fatty 

acids produced. Fatty acids are carboxylic acids with an unbranched aliphatic tail – composed only of hydrogen 

and carbon atoms – that can be saturated (SFA), if they have no doubles bonds, or unsaturated with one 

(MUFA) or more double bonds (PUFA). Both kinds were detected in the analysed biomass. 

Biodiesel results from the trans-esterification of TAGs with methanol, yielding the corresponding fatty acid 

methyl ester (FAME). The biodiesel quality, based in some critical parameters, depends on the overall fatty acid 

composition of the oil, that is not altered by the trans-esterification process (Ramos, et al., 2009). The four 

parameters that define the quality of a biodiesel are: cetane number, oxidation stability, iodine value and cold 

filter plugging point (CFPP). The cetane number is related to the ignition delay time and combustion quality; 

the presence of a high amount of long-chain-SFAs leads to a higher cetane number and so shorter ignition 

delay or a better combustion quality (Cabanelas, et al., 2013). The oxidation stability is of major importance for 

biodiesels, decreasing with the increase of polyunsaturated methyl esters (PUFA). The iodine value measures 

the total unsaturation in a fatty acids mixture; this value is limited by law because the heating of unsaturated 

FA causes the polymerization of glycerides, leading to the formation of deposits or to deterioration of the 

lubricating. Finally, the CFPP is related to the low-temperatures properties and precipitation of some FA, 

depending mainly on the saturated content (SFA); a low CFPP means better low-temperature properties 

(Ramos, et al., 2009) (Wanga, et al., 2012). Therefore, a biodiesel of good quality must have the amount of SFA 

that counter-balances good ignition/combustion quality with good low-temperatures properties, low amount 

of PUFAs and low degree of unsaturation. 

[Table 1] shows the fatty acids and TAGs content and constitution from the biomass samples collected at the 

end of the growth phase (t10) and of the N- phase (t25). The more abundant types in C. littorale are palmitic acid 

(16:0), oleic acid (18:1) and linolenic acid (18:4). The sum of all the types provides the total amount of fatty 

acids or TAGs in the sample. 
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Table 1 - Fatty acid and TAGs content (%DW) and composition of C. littorale cells at the end of growth phase and at the end 
of nitrogen deplete phase, represented by t10 and t25. After the fatty acid name, in brackets, is the number of carbon atoms 

followed by the number of unsaturations. 

 
t10 t25 (final) 

 
FA (%DW) TAG (%DW) FA (%DW) TAG (%DW) 

Caprylic acid (8:0) 0.02 0.03 0.02 0.05 

Capric acid (10:0) 0.05 0.02 0.05 0.03 

Lauric acid (12:0) 0.07 0.03 0.09 0.06 

Myristic acid (14:0) 0.39 0.36 0.48 0.46 

Palmitic acid (16:0) 4.33 3.18 7.35 6.37 

Palmitoleic acid (16:1) 0.54 0.46 1.37 1.33 

Hexadecadienoic acid (16:2) 0.29 0.15 0.34 0.25 

Hexadecatrienoic acid (16:3) 0.34 0.21 0.76 0.78 

Hexadecatetraenoic acid (16:4) 1.71 1.44 4.59 5.26 

Stearic acid (18:0) 0.64 0.56 0.83 0.75 

Oleic acid (18:1) 4.20 3.62 10.57 10.24 

Linoleic acid (18:2) 1.44 1.03 1.57 1.62 

Linolenic acid (18:3) 3.42 1.97 8.23 8.32 

Stearidonic acid (18:4) - - 0.41 0.38 

SFA 5.49 4.18 8.84 7.73 

MUFA 4.74 4.08 11.93 11.57 

PUFA 7.21 4.80 15.90 16.61 

Total 17.44 ± 0.01 13.06 ± 0.01 36.54 ± 0.13 35.77 ± 0.15 

 

By exposing the cells to nutrient stress both contents increased: the amount of fatty acids was slightly more 

than two times higher and the TAGs almost triplicated during depletion. A lower value was obtained by Hu et 

al. but a higher CO2 concentration and light intensity were used, which must have decreased the lipid content 

(Hu, et al., 1998). 

Another important aspect related to lipid analysis in microalgae is the percentage that is TAGs (storage neutral 

lipids). TAGs can further be used as resource of biodiesel since they are one of the most energy-rich and 

abundant forms of reduced carbon available on nature (Durrett, et al., 2008). The neutral lipids shifted from 

75.9% to 97.9% of total lipids [Table 1], which supports the hypothesis that under nitrogen depletion the cells 

increase the amount of TAGs to store carbon (Wong, et al., 2013).  

 

Biomass and lipid productivity 

The dry weight (DW) was also measured on a daily basis, which represents the biomass produced during the 

growth and can be used to calculate the growth rate (µ), the biomass productivity and the lipid productivity 

(coupled with the lipid content). 
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The growth rate was calculated considering the linear phase of growth between day 0 and day 6 [Equation 2]. 

The value obtained is 0.20 ± 4.19% day-1, which was far lower than the one obtained by Kurano et al. under the 

same conditions in oblong gas flasks of 0.5 L: 1.92 day-1 (Kurano, et al., 2005). Besides this reference, others 

have reported similar figures, although in all of them the minimum CO2 concentration used was 5%, higher 

than the one used in the present project (Hu, et al., 1998) (Ota, et al., 2009). This indicates that the CO2 

concentration is a parameter that has a strong influence on the growth of C. littorale, as discussed previously in 

the Theoretical background (Kurano, et al., 2005). 

The volumetric productivity of biomass [Equation 3] was calculated to the growth period of 8 days and also for 

the nitrogen limitation phase. At day 10, when the cells were transferred to the nitrogen deplete medium, the 

DW was measured only in the new cultures. 

The biomass productivity calculated for the growth phase was 0.44 ± 0.98% g L
-1

 day
-1

 and for N
-
 phase was 

0.07 ± 2.03% g L-1 day-1 [Equation 3]. The value reported by Benvenuti et al. was much higher to C. littorale – 

0.7 g L
-1

 day
-1

 for the growth phase and 0.3 g L
-1

 day
-1

 for the N
-
 phase – although like in the previous papers 

mentioned the concentration of CO2 was 5% (Benvenuti, et al., in press). If the biomass productivity during the 

growth phase was calculated only for the 4 days of actual growth, when there is still nitrogen in the medium, its 

value would be 0.57 ± 4.39% g L-1 day-1. This is closer to the productivity reported by Benvenuti et al. but for 

further analysis, the value used will be the one obtained to the entire growth phase. 

The volumetric lipid productivity [Equation 4] for the growth phase was 77.45 ± 1.57 mg L-1 day-1 and during the 

nitrogen depletion phase was 25.53 ± 3.36 mg L-1 day-1. The decrease in the lipid productivity is explained by 

the lower biomass productivity in the N- phase, since the cells are under nutrient limitation and are not able to 

continue cell division and further growth. Despite the higher lipid content in the stress phase, the lipid 

productivity decreased because the biomass remained almost constant. The same result was reported by 

several researchers (Dean, et al., 2010) (Xin, et al., 2010) (Mou, et al., 2012). However, when comparing the 

obtained values to the ones reported by Benvenuti et al., although the growth phase had a similar productivity 

(78 mg L
-1

 day
-1

), their nitrogen limitation phase achieved a higher lipid productivity (126 mg L
-1

 day
-1

), due to 

the also higher biomass productivity stated above (Benvenuti, et al., in press). 

Given the behaviour of C. littorale under stress, this species can be included in the group described by Adams et 

al., in which the lipid content is higher under high nitrogen stress but the lipid productivity is higher when low 

stress is applied. According to the authors, the organisms from this group redirect energy and carbon from 

growth to the production of lipids (Adams, et al., 2013), as mentioned before. 

 

Cell sorting 

At the end of the nitrogen depleted phase, after the cells stabilized in diameter and in lipid fluorescence, the 

cell sorting was carried out. Before the final sort, the autofluorescence was used to double-check the sizes 
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defined through the histogram. Then, based on the graph, three gates were placed on the dot plot to isolate 

the small cells (S), the medium cells (M) and the large cells (L). A fourth gate containing the other three gates 

was created to collect the control samples (C) [Figure 11]. 

 

    

Figure 11 - FACScalibur graph used to create the sorting gates: dot plot with the FSC signal versus the autofluorescence 
signal. 

 

Comparison before and after the recovery phase 

On the sorting day, besides collecting a triplicate of the four gates, another sample of each size was isolated to 

analyse with the FlowCAM, so that the efficiency of the sorting could be assessed. The main goal was to make 

sure that the cell selection in FACScalibur was working right and the correct sizes were being sorted. 
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Figure 12 - Histograms with the frequency distribution of the cells' size immediately after sorting (blue) and after a recovery 
time of 18 days (orange). The cells isolated using all gates are represented from top to bottom: C, S, M and L respectively. 

 

The cell sorting was correctly carried out [Figure 12] (blue). After 18 days of recovery, all the samples evolved 

to the same normal distribution, with the mean around 6 µm [Figure 12] (orange). This result provides the first 

evidence that with cell sorting, the size does not influence the further evolution of the cells. Actually, the size 

distribution histogram of all groups approximately overlapped after the recovery phase [Figure 13]. The 

triplicates collected simultaneously with the presented samples were later used as inoculum to start the 

cultures of Experiment AS. 
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Figure 13 - Overlapping of the histograms obtained from the four gates (C, S, M and L) after a recovery time of 18 days. 

 

Single-cell Experiment 

In the Single-cell Experiment, 15 samples with just one cell were collected for each sorting size and also for the 

control. Ideally, the main sorting experiment should be based in just one cell of each size, so that a whole new 

population would be grown out of that single cell and the real influence of the size, without interference of any 

other cells, could be analysed. However, the post-sorting viability of just one cell is very difficult to maintain, 

hence the sorting of 100 cells between Experiments BS and AS. 

To evaluate the evolution of one single cell into a new population and the frequency distribution of the sizes 

after recovery, this experiment was carried out. In this way, the histograms could be compared with the orange 

ones presented in [Figure 12]. 

In all of the sizes sorted, some of the 15 samples were not able to stay viable during the recovery time of 23 

days. The amount of surviving samples in each gate were: six from the control (C), only two small ones (S), five 

medium (M) and also five large (L) samples.  
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Figure 14 - Frequency distribution of the cells' size from the single cell samples that remained viable after 23 days of 
recovery. From top to bottom, the four gates are represented: C, S, M and L. The label indicates the number of the sample. 

 

All the curves had approximately the same bell shape except for three samples from the control gate, one 

sample of small size and another of medium size that show two different populations [Figure 14]. The distinct 

populations could also be observed in the histogram of day 7 (t7) of [Figure 9] during the growth phase and 

corresponded to some daughter cells just after division and some mother cells that still hadn’t divided. The four 

gates had frequency distributions with a centre between 5 µm and 7 µm. Both the shape and the mean were 

consistent with the data from the histograms in [Figure 12]. 

The overall average diameter in each sorting size ranged from 5.6 µm until 6.2 µm [Figure 15], increasing from 

the control group to the large group. However, the differences in the mean values among the groups were not 

statistically significant (one-way ANOVA, P = 0.628). 
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Figure 15 – Distribution of the average diameter for each sample collected in the single-cell experiment with respective 
mean of each sorting gate. 

 

Experiment AS (after sorting) 

After recovering from the sort, the triplicates of the three different sizes and the control sample were 

cultivated under the same conditions used in Experiment BS. 

 

Growth 

In the growth phase, the chlorophyll content of the cells had the same evolution in all the sorting sizes but the 

final value was above 8 units of OD for the control (8.2) and small (8.1) samples and below 8 for the medium 

(7.8) and large (7.7) cells [Figure 16] (green). In Experiment BS, the cells had not reached such high values, 

staying at 7.2 units of OD [Figure 7]. After diluting the cultures, in the nitrogen deplete phase, the OD increased 

from 1.5 to around 3 for all sorting gates, at a slower rate than in the growth phase [Figure 16] (red). The 

evolution was similar to Experiment BS [Figure 7], but the values achieved were also higher. 
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Figure 16 - Evolution of the OD750, representative of the biomass, and the quantum yield (blue) with time for each sorting 
gate. The two main phases are identified as growth (green) and nitrogen depletion (red). The values presented are the 

average of a triplicate of cultures, with respective standard deviations. 

 

Concerning the quantum yield, the four different samples had an increase to around 0.76 at day 3, due to the 

penetration of more light and the addition of fresh medium (nutrients) when the samples were inoculated into 

the new cultures. After day 3, the quantum yield started decreasing until the end of the Experiment AS, when 

its value was around 0.1 [Figure 16] (blue). In comparison to Experiment BS [Figure 7] (blue), the drop in the 

quantum yield when the N- phase begins was less than half in Experiment AS. While in Experiment BS the 

quantum yield decreased 0.27 in 2 days, in Experiment AS fell between 0.095 and 0.17, depending on the 

sorting gate. At day 12 (transfer to the N- medium) there was a slight increase in the quantum yield, due to the 

same reason as in the beginning of the Experiment AS – better light penetration because of the dilution [Figure 

16] (blue) (Babin, et al., 1996). 

As seen, the cells from the four sorting gates had the same optical density and quantum yield evolution, 

showing no differences in the evolution of the chlorophyll content and photochemical efficiency (quantum 

yield). 

 

FlowCAM 

During the growth phase (Experiment AS, growth phase), the autofluorescence of all the samples remained 

constant just above 3000 units of fluorescence, decreasing slightly in the end, since the nutrient source was 

exhausted [Figure 17]. This evolution was similar to Experiment BS, but with higher values at the end, except 

for the control sample (between 10 and 90 a. u. higher) [Figure 8]. The lipid content of all the cultures, given by 

the BODIPY 505/515 fluorescence, increased and dropped in the last day except in the control cells, where the 
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content kept growing. The samples with highest values of BODIPY 505/515 fluorescence were the control and 

the medium cells, with 1317 and 1633 units of fluorescence, respectively [Figure 17]. When comparing to 

Experiment BS, that reached 2246 units of fluorescence [Figure 8], Experiment AS had a lower value, meaning 

that after sorting the cells were not producing as much lipids in the growth phase as before.  

In the beginning of the nitrogen deplete phase (Experiment AS, N- phase), the autofluorescence dropped in the 

control and small samples to, respectively, 1880 and 2560 units of fluorescence. This decrease didn’t happen in 

the medium and large sorting gate samples. At day 14, all the cultures had returned to higher values, similar to 

the ones in the growth phase, and decreased steadily until around 2700 (control and medium cultures) or 2800 

units of fluorescence (small and large cultures) [Figure 17]. The value achieved in Experiment BS was also 

around 2700 units of fluorescence [Figure 8]. The BODIPY 505/515 fluorescence fell in the first day of the N
-
 

phase (day 13) only for the control sample. In all the samples, the lipid content grew in this phase, stabilizing in 

the end of the Experiment above 2800 units of fluorescence, except for the small cultures that achieved a 

slightly lower value – 2760 units of fluorescence [Figure 17]. Nevertheless, after sorting, the cultures reached 

higher BODIPY 505/515 fluorescence that in Experiment BS [Figure 8], meaning higher lipid content. 
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Figure 17 - Evolution of the autofluorescence (Channel 1 Peak, diamonds) and BODIPY 505/515 fluorescence (Channel 2 
Peak, triangles) with time during both the growth (green) and nitrogen limitation phase (red). The four sorting gates used 

are represented: C, S, M and L. AF means autofluorescence; BP means BODIPY 505/515. 

 

During the growth phase (Experiment AS, growth phase), the average diameter decreased in the first day due 

to cell division (more light and nitrogen) and after that increased, stabilizing in 8 µm in the control samples and 

the small cells. The medium cells grew further until 9 µm but in the last day decreased to just below that value 

– 8.6 µm; the large cells didn’t actually reach 9 µm but 8.8 µm and in the last day their average diameter was 

8.7 µm [Figure 18]. In Experiment BS, the cells were not able to reach values as high as the ones of medium and 

large cells in the growth phase [Figure 8].  

At day 12, in the beginning of the nitrogen deplete phase (Experiment AS, N- phase), the diameter was slightly 

higher (0.2 µm to 0.5 µm higher). Then, the diameter decreased and at day 14 was around 7 µm for the control 

samples, below 7 µm in the small cultures and above 7 µm in the large and medium ones. The decrease of the 

average diameter at the beginning of the N
-
 phase was hypothesized to be due to better light penetration, 

because of the dilution of the cultures. Having more light, the cells use their nitrogen pools to divide, causing 

the average diameter to decrease. Finally, the cells’ diameter rose steadily, stabilizing at the end at 7.5 µm for 

the control and small samples, 7.8 µm for the medium ones and 8.2 µm for the large cultures [Figure 18]. When 

compared to Experiment BS (8.3 µm), the evolution of the diameter was the same but the value achieved in the 

end is higher than any of the samples from Experiment AS [Figure 8]. 

It is important to note that like in Experiment BS, the final increase of the diameter [Figure 18] was not due to 

cell growth because the chlorophyll slightly decreased at that moment [Figure 17]. Since the BODIPY 505/515 

fluorescence was the growing parameter [Figure 17], the cells were increasing in size due to lipid accumulation. 
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Figure 18 - Evolution of the average diameter with time during both the growth (green) and nitrogen limitation phase (red) 
in the samples from the four sorting gates used (C, S, M and L). 

 

The frequency distribution of the cells’ sizes (Experiment AS, growth phase) showed a similar evolution with 

time for all four sorted groups, although sometimes with different diameter values – the control samples had 

always 1 µm less than the other three. On day 1 (t1) the control cells had a distribution centred in 5 µm of 

diameter while in the small, medium and large populations that value was closer to 6 µm. By day 3 (t3), the 

mean evolved two units to 7 µm and 8 µm, respectively. On the 8th day of growth (t8), all the samples divided in 

two populations with the centre around 7 µm and 10 µm in the control sample and 7 µm and 11 µm for the 

small, medium and large cells. One of these populations (7 µm) were the newly formed cells, after division, and 

the other one (10 and 11 µm) the mother cells that hadn’t still divided. Finally, on the last day of the growth 

phase, there was again just one population of cells in each sample with the peak of the distribution in 7 µm for 

the control cells and in 8 µm for the small, medium and large cells. The presence of the second population from 

t8 was still noticed in the three sizes (S, M and L) [Figure 19].  
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Figure 19 – Evolution of the frequency distribution of the diameter of the cells of each population sorted during the growth 
phase: control, small, medium and large. The time points chosen were t1, t3, t8 and t12. 

 

At day 2 from the nitrogen deplete phase (t14) (Experiment AS, N- phase), the mean of the cells’ frequency 

distribution was around 7 µm for all the samples, except for the large cells that were divided in two 

populations. By day 17 (t17), the distribution centre moved to above 7 µm for the control and small samples and 

even reached 8 µm for the medium and large ones. The cells diameter kept on increasing and at day 22 (t22), 

the large cells were able to achieve a mean of 9 µm. At the end of the Experiment AS, the distribution 

narrowed for the small and large samples and the centre was at around 8 µm for all cultures [Figure 20]. So, the 

populations evolved into equally centred distributions, no matter what their initial diameter was. 
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Figure 20 - Evolution of the frequency distribution of the diameter of the cells of each population sorted during the nitrogen 
deplete phase: control, small, medium and large. The time points chosen were t14, t17, t22 and t27. 

 

The results from FlowCAM were the expected as seen by the overlapping of the frequency distribution of the 

diameter after recovery [Figure 12] (orange), showing no significant differences between the sorting gates 

used. This result is in agreement with the one obtained from de evolution of the OD750 [Figure 16]. 

 

Fatty acid and TAG content 

The analysis of the fatty acids and triacylglycerols [Table 2] was also carried out during Experiment AS to assess 

what would be the effect of diameter as a sorting parameter on the lipid productivity of the new populations. 

The complete results are presented in Appendix C. 

 

Table 2 - Fatty acid and TAG content (%DW) and lipid composition of C. littorale cells from each sample (C, S, M and L) at 
the first (end of growth phase) and last day of nitrogen stress, represented by t12 and t27. 

 
t12 t27 (final) 

CONTROL FA (%DW) TAG (%DW) FA (%DW) TAG (%DW) 

SFA 3.10 - 7.88 5.44 

MUFA 1.49 - 8.82 1.70 

PUFA 5.33 - 13.14 8.57 

Total 9.79 ± 0.01  - 31.47 ± 0.02 26.52 ± 0.01 
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t12 t27 (final) 

SMALL FA (%DW) TAG (%DW) FA (%DW) TAG (%DW) 

SFA 2.47 1.75 7.18 5.83 

MUFA 1.84 1.42 9.61 8.50 

PUFA 5.12 4.02 12.51 11.76 

Total 9.37 ± 0.01 7.07 ± 0.01 29.60 ± 0.01 26.94 ± 0.01 

 

 
t12 t27 (final) 

MEDIUM FA (%DW) TAG (%DW) FA (%DW) TAG (%DW) 

SFA 2.74 2.10 7.21 5.99 

MUFA 2.04 1.65 8.56 7.67 

PUFA 5.71 4.69 12.33 11.84 

Total 10.49 ± 0.01 8.44 ± 0.02 28.09 ± 0.01 25.49 ± 0.00 

 

 
t12 t27 (final) 

LARGE FA (%DW) TAG (%DW) FA (%DW) TAG (%DW) 

SFA 2.10 1.41 7.67 6.27 

MUFA 1.43 1.11 7.81 8.07 

PUFA 4.47 3.17 11.73 11.19 

Total 8.00 ± 0.00 5.68 ± 0.00 26.90 ± 0.05 25.20 ± 0.03 

 

The fatty acid content at the beginning and at the end of the nitrogen deplete phase was statistically equal in 

the different sorting gates used. This means that although different diameters were chosen to isolate different 

populations, the lipid content was not influenced by that. The same happened to the TAG content at the 

beginning and at the end of the nitrogen deplete phase.  

When comparing to Experiment BS [Table 1], the values obtained during Experiment AS [Table 2] were lower, 

meaning that the cell sorting solely based on diameter was not able to improve the lipid content. The fatty acid 

content dropped to almost half of its value at the beginning of the N
-
 phase and to around 80% at the end of 

that phase. On the other hand, the TAG content decreased to 62% and 72% of the Experiment BS values, 

respectively. 

The amount of neutral lipids (TAGs) relative to the total lipids was between 71% and 80% at the beginning of 

the stress phase and between 84% and 93% at the end of that phase. The TAG content of the control samples 

at t12 was not analysed due to a technical problem. The value obtained in Experiment BS was in the range of 

Experiment AS for the first day of stress but was higher at the end of the N- phase. 
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Biomass and lipid productivity 

The growth rate for Experiment AS was calculated considering the linear phase of growth from day 0 to day 8 

[Equation 2]. As it was expected, based on the evolution of the OD [Figure 16], the growth rate of the four 

different samples had very close values, ranging from 0.17 day-1 to 0.19 day-1 [Table 3]. The value obtained 

during Experiment BS was higher than any of the ones of Experiment AS, meaning that after sorting the algae 

were not able to grow as easily as before. 

 

Table 3 - Growth rate, volumetric biomass productivity and volumetric lipid productivity of the four different cultures (C, S, 
M and L). The volumetric productivities were calculated for growth and deplete phases and the standard deviation is given 

in percentage, except in the lipid productivity. 

 
 CONTROL SMALL MEDIUM LARGE 

µ (day-1) 0.19 ± 8.60% 0.17 ± 2.99% 0.17 ± 6.03% 0.18 ± 4.70% 

PX (g L
-1

 day
-1

) 
growth

 
0.57 ± 6.80%

a 
0.53 ± 1.77%

a 
0.48 ± 21.48%

a 
0.54 ± 5.44%

a 

N
- 

0.07 ± 0.00%
a 

0.09 ± 7.79%
a 

0.08 ± 7.19%
a 

0.12 ± 51.83%
a 

PL (mg L-1 day-1) 
growth 55.62 ± 5.75a 47.67 ± 2.26a 50.35 ± 13.79a 42.83 ± 2.65a 

N- 21.49 ± 2.67a 26.25 ± 2.94a 23.66 ± 1.15a 32.43 ± 21.81a 

 

The volumetric biomass productivity [Equation 3] calculated to the growth phase was between 0.48 g L-1 day-1 

and 0.57 g L-1 day-1 [Table 3], being higher than the value obtained in Experiment BS. In the stress phase, the 

productivity decreased as expected to the range from 0.07 g L-1 day-1 to 0.12 g L-1 day-1 [Table 3], closer to the 

ones from Experiment BS, but still higher. Through a statistical analysis, however, it was inferred that the 

differences between both Experiments were not significant (one-way ANOVA, P=0.950 for the growth phase 

and P=0.326 for the N- phase). 

When comparing the biomass productivity of the four samples, in both phases, the differences among them 

were not statistically significant (one-way ANOVA, P=0.969 for the growth phase and P=0.415 for the N- phase). 

Concerning the volumetric lipid productivity [Equation 4], during the growth phase the values obtained were 

lower than Experiment BS, ranging from 42.83 mg L
-1

 day
-1

 to 55.62 mg L
-1

 day
-1

 [Table 3]. However, after the 

stress phase, the cells from the small and large samples achieved higher lipid productivity than before sorting. 

Since those two opposite populations had similar behaviours, the size of the sorted cells doesn’t matter in that 

parameter. The values were between 21.49 mg L-1 day-1 and 32.43 mg L-1 day-1 [Table 3]. Despite the better 

productivities under stress, it is important to refer that the total amount of lipids produced was lower for all 

samples after sorting [Table 2]. Once again, the statistical analysis showed that there is no significant difference 

from Experiment BS to Experiment AS (one-way ANOVA, P=1.000 for the growth phase and P=0.990 for the N
-
 

phase). 

By statistical analysis of the differences between the final lipid productivity of the four sorting samples tested, 

it was concluded that those differences are not great enough to exclude random variability. So, the productivity 
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of the control, small, medium and large samples showed no statistically significant differences (one-way 

ANOVA, P=0.665).  
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CONCLUSIONS 

The goal of this project was to evaluate the effect of cells’ diameter as a sorting parameter on the final lipid 

productivity of C. littorale. Flask cultures were used in two separate phases: growth and nitrogen depletion (to 

induce the lipid accumulation), before and after the sort. Four gates were used to isolate four groups of cells 

with different diameter values: control, small, medium and large. 

Through the analysis of the evolution of the OD750 and QY, there was no difference between the different 

samples, which showed the same behaviour. The same happened with the autofluorescence (chlorophyll) and 

BODIPY 505/515 fluorescence (lipids). In all the parameters mentioned, the cells were able to reach higher 

values after sorting (at the end of the stress phase) than before. 

Concerning the diameter, although the evolution was also similar, the cells achieved lower values at the end of 

Experiment AS – 7.5 µm, 7.5 µm, 7.8 µm and 8.2 µm for the control, small, medium and large cells respectively 

– when compared to Experiment BS (8.3 µm). Maybe due to some mechanical stress of FACS, the cells were not 

able to grow as easily as before the sort. In addition, it was concluded that the final size increase of the cells 

was due to lipid accumulation and not cell growth, since there was a decrease in the autofluorescence while 

the BODIPY 505/515 fluorescence increased. 

The growth rate was also analysed and had a decrease from 0.20 day-1 of Experiment BS to [0.17 – 0.19] day-1 in 

Experiment AS, which can be related to the diameter. Since the cells’ diameter didn’t achieve as high values as 

before, the dry weight used to calculate the growth rate suffered the same drop. Unlike the diameter and the 

growth rate, the volumetric biomass productivity was higher in Experiment AS when compared to Experiment 

BS. However, the statistical analysis showed that the differences between the two experiments were not 

significant, meaning that before and after sorting the behaviour of the cells regarding biomass production was 

the same. The same test was performed to the four sorted samples (control, small, medium and large) and also 

no significant differences were found among the groups. 

A total fatty acid and TAG analysis was carried out in both experiments, regarding the stress phase to assess the 

amount of lipids accumulated and their composition. As seen before, the main fatty acids in C. littorale are the 

palmitic acid (C16:0), oleic acid (C18:1) and linoleic acid (C18:3). It was concluded that, as expected, during 

stress by nutrient limitation the accumulation of lipids was induced. After the stress phase, the cells achieved 

higher amounts of fatty acids and TAGs than before stress. Nevertheless, the relative amounts of the three 

most important types of lipids remained the same. In Experiment BS, the amount of fatty acids duplicated and 

the TAGs nearly triplicated; in Experiment AS, the lipids had a greater increase: the FA triplicated and the TAGs 

achieved more than four times their value before stress. When comparing the four sorted samples (C, S, M and 

L), the contents at the end were statistically equal.  

The final lipid productivity, main focus of this project, was very similar in Experiment BS and Experiment AS: the 

cells’ capacity to produce and accumulate lipids remained the same after the cell sorting. This conclusion was 
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supported by a statistical analysis, which showed no significant differences between the two experiments. 

When comparing the four sorted samples, the results of the statistical test were the same: the lipid volumetric 

productivity is the same, no matter what the diameter of the sorted cells is. 

To conclude, when performing cell sorting with C. littorale to target the fat rich cells, the diameter of the sorted 

cells has no influence on the final lipid productivity. 
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RECOMMENDATIONS 

In future studies regarding the cell sorting, other sorting criteria should be investigated, since the diameter has 

been showed not to have any influence on the final lipid productivity of C. littorale. Those studies should be 

carried out as the present one, in such a way that the criterion tested is the only one affecting the results and 

all the other ones remain unchanged. Some examples of criteria can be mentioned, such as quantum yield. If 

the cells are able to live longer under stress, they may be able to accumulate higher amounts of lipids. 

Associations of parameters are also being tested, for instance autofluorescence and BODIPY 505/515 

fluorescence. 

Although the physical conditions of the flask cultures were used in order to maximize the lipid accumulation 

and optimize C. littorale growth, different conditions could be used to assess the effect on the final lipid 

productivity. However, the influence of different sorting diameters should remain the same. 

If a repetition of this experiment is desired, one should pay attention to the sterility of the cells collected; it is 

an aspect of great importance. It compromises the further maintenance of the cells and the ability to grow new 

cultures with the same trait of the sorted cells. Since nowadays the sensitivity of the equipment is not perfect, 

the real effect of a given criterion by collecting only one cell cannot be carried out. Nevertheless, smaller 

amounts of sorted cells should be tested until a viable minimum is achieved. 
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APPENDICES 

Appendix A: Salt-water-like medium composition 

Table 4 - Composition of the salt-water-like medium used for all the cultures. 

Salt g/L mL/L 

NaCl 24.55 - 

MgSO4 ∙ 7H2O 6.60 - 

MgCl2 ∙ 6H2O 5.60 - 

CaCl2 ∙ 2H2O 1.50 - 

NaNO3 1.70 - 

HEPES 11.92 - 

NaHCO3 0.84 - 

Stock 1 - 1 

Stock 2 - 1 

Stock 3 - 10 

 

 

Table 5 - Composition of the trace elements solution, 1000 x concentrated (stock 1). 

Trace element mg/500 mL 

Na4EDTA ∙ 2H2O 95 

ZnSO4 ∙ 7H2O 11 

CoCl2 ∙ 6H2O 5 

MnCl2 ∙ 2H2O 74 

Na2MoO4 ∙ 2H2O 30 

CuSO4 ∙ 5H2O 5 

 

 

Table 6 - Composition of the iron solution, 1000 x concentrated (stock 2). 

Salt g/L 

EDTA-Fe(III)-Na 
(Mw=367.1 g/mol) 

4.28 

 

 

Table 7 - Composition of the phosphate stock solution, 100 x concentrated (stock 3). 

Salt mg/L 

K2HPO4 13 

KH2PO4 4 
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Appendix B: FACScalibur optical path configuration 

 

 

Figure 21 - FACScalibur optical path configuration. 
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Appendix C: Fatty acid and TAG composition after sorting 

Table 8 - Fatty acid and TAG content (%DW) and complete composition of C. littorale cells in the four samples (C, S, M and 
L) after sorting, at the beginning (t12) and at the end (t27) of the nitrogen deplete phase.  

 
t12 t27 (final) 

CONTROL FA (%DW) TAG (%DW) FA (%DW) TAG (%DW) 

Caprylic acid (8:0) - 0.09 0.01 0.01 

Capric acid (10:0) - 0.06 - - 

Lauric acid (12:0) 0.04 0.13 0.05 0.04 

Myristic acid (14:0) 0.21 0.53 0.25 0.23 

Palmitic acid (16:0) 2.16 1.77 6.51 0.60 

Palmitoleic acid (16:1) 0.27 0.05 0.93 0.27 

Hexadecadienoic acid (16:2) 0.22 0.04 0.31 0.71 

Hexadecatrienoic acid (16:3) 0.61 0.75 0.81 2.31 

Hexadecatetraenoic acid (16:4) 0.99 1.94 3.63 0.83 

Stearic acid (18:0) 0.70 1.78 0.96 4.55 

Oleic acid (18:1) 1.22 0.18 7.88 1.43 

Linoleic acid (18:2) 1.33 1.22 1.54 4.32 

Linolenic acid (18:3) 1.79 2.34 6.86 0.40 

Stearidonic acid (18:4) 0.40 0.50 - - 

SFA 3.10 4.34 7.88 5.44 

MUFA 1.49 0.23 8.82 1.70 

PUFA 5.33 6.78 13.14 8.57 

Total 9.79 ± 0.01  11.36 ± 0.03 31.47 ± 0.02 26.52 ± 0.01 

 

 
t12 t27 (final) 

SMALL FA (%DW) TAG (%DW) FA (%DW) TAG (%DW) 

Caprylic acid (8:0) 0.00 0.02 0.01 0.01 

Capric acid (10:0) - 0.00 - - 

Lauric acid (12:0) 0.03 0.07 0.05 0.07 

Myristic acid (14:0) 0.22 0.32 0.23 0.23 

Palmitic acid (16:0) 2.12 1.22 6.07 4.83 

Palmitoleic acid (16:1) 0.23 0.13 1.12 1.04 

Hexadecadienoic acid (16:2) 0.11 0.02 0.31 0.29 

Hexadecatrienoic acid (16:3) 0.24 0.17 0.80 0.72 

Hexadecatetraenoic acid (16:4) 1.46 1.39 3.37 3.60 

Stearic acid (18:0) 0.10 0.14 0.82 0.69 

Oleic acid (18:1) 1.61 1.29 8.49 7.46 

Linoleic acid (18:2) 0.51 0.36 1.37 1.31 

Linolenic acid (18:3) 2.62 1.72 6.28 5.84 

Stearidonic acid (18:4) 0.19 0.36 0.39 - 

SFA 2.47 1.75 7.18 5.83 

MUFA 1.84 1.42 9.61 8.50 

PUFA 5.12 4.02 12.51 11.76 

Total 9.37 ± 0.01 7.07 ± 0.01 29.60 ± 0.01 26.94 ± 0.01 
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t12 t27 (final) 

MEDIUM FA (%DW) TAG (%DW) FA (%DW) TAG (%DW) 

Caprylic acid (8:0) - 0.02 0.01 0.02 

Capric acid (10:0) - 0.00 - 0.01 

Lauric acid (12:0) 0.03 0.06 0.05 0.06 

Myristic acid (14:0) 0.23 0.33 0.23 0.23 

Palmitic acid (16:0) 2.29 1.51 6.10 4.97 

Palmitoleic acid (16:1) 0.28 0.14 0.95 0.90 

Hexadecadienoic acid (16:2) 0.17 0.02 0.28 0.26 

Hexadecatrienoic acid (16:3) 0.25 0.18 0.76 0.68 

Hexadecatetraenoic acid (16:4) 1.51 1.52 3.31 3.45 

Stearic acid (18:0) 0.19 0.18 0.82 0.70 

Oleic acid (18:1) 1.76 1.51 7.61 6.77 

Linoleic acid (18:2) 0.61 0.47 1.33 1.28 

Linolenic acid (18:3) 2.77 2.10 6.25 5.76 

Stearidonic acid (18:4) 0.41 0.39 0.40 0.41 

SFA 2.74 2.10 7.21 5.99 

MUFA 2.04 1.65 8.56 7.67 

PUFA 5.71 4.69 12.33 11.84 

Total 10.49 ± 0.01 8.44 ± 0.02 28.09 ± 0.01 25.49 ± 0.00 

 

 
t12 t27 (final) 

LARGE FA (%DW) TAG (%DW) FA (%DW) TAG (%DW) 

Caprylic acid (8:0) - 0.02 0.01 0.01 

Capric acid (10:0) - - - - 

Lauric acid (12:0) 0.02 0.04 0.05 0.06 

Myristic acid (14:0) 0.20 0.24 0.22 0.21 

Palmitic acid (16:0) 1.84 1.05 6.37 5.12 

Palmitoleic acid (16:1) 0.18 0.09 1.11 1.04 

Hexadecadienoic acid (16:2) 0.07 - 0.34 0.32 

Hexadecatrienoic acid (16:3) 0.22 0.13 0.79 0.70 

Hexadecatetraenoic acid (16:4) 1.30 1.08 3.04 3.16 

Stearic acid (18:0) 0.04 0.07 1.03 0.87 

Oleic acid (18:1) 1.25 1.02 6.70 7.04 

Linoleic acid (18:2) 0.45 0.31 1.54 1.46 

Linolenic acid (18:3) 2.33 1.47 5.71 5.22 

Stearidonic acid (18:4) 0.00 0.18 0.31 0.327 

SFA 2.10 1.41 7.67 6.27 

MUFA 1.43 1.11 7.81 8.07 

PUFA 4.47 3.17 11.73 11.19 

Total 8.00 ± 0.00 5.68 ± 0.00 26.90 ± 0.05 25.20 ± 0.03 

 


